1 This work was supported by a grant from the National Tuberculosis Association, made possible by a special bequest from the estate of Grace Velie Harris. Preliminary report: Bull. New York Acad. Med., 1952, 28, 543. studies of the acidosis associated with general anesthesia will form the basis of this report. The immediate response of anesthetized man to acute respiratory acidosis is similar to that observed by Shaw and Messer (2).
METHODS
Arterial blood pH determinations were obtained at frequent intervals by means of a special glass electrode pH meter (6) which permits transfer of blood from an indwelling arterial cannula directly into a glass electrode for immediate measurement. Samples of arterial blood were obtained periodically under anaerobic conditions for determination of oxygen (02b) and carbon dioxide content (CO2b) of whole blood, and the CO2 content (CO2.,) of plasma by the manometric method of Goldstein, Gibbon, Allbritten, and Stayman (7) . This method has been proven valid for the analysis of blood samples which contain the commonly used volatile anesthetic agents (8) . The hematocrit (Ht) was determined by centrifugation in Sanford-Magath tubes or by a calculation based on the difference between the content of carbon dioxide in the whole blood and the plasma, using the nomogram of Van Slyke and Sendroy (9) . Oxygen saturation (Sat.) was calculated from the oxygen content of whole blood and an oxygen capacity based on the hematocrit according to the relationship given by the nomogram of Van Slyke and Sendroy. CO tension (Poo.) was calculated from arterial plasma pH and CO2 content using the Henderson-Hasselbach equation and the constants: pK' = 6.10, aco, = 0.0301. The amount of cation in excess of the non-buffer anion of whole blood, the buffer base (BB), was read from the nomogram of Singer and Hastings (10) .
In most instances, the analytical procedures were completed within two hours of the drawing of the blood samples. All analyses were performed in duplicate. The reproducibility (one standard deviation) of the analytical methods as determined in collateral studies (6, 8) A test of the reliability of the methods was conducted on arterial blood of five healthy, unanesthetized, adult volunteers (Table I) . For comparison, Pco, was determined directly by a semi-micro method (11 Hg; "metabolic acidosis" will denote any measurable reduction of the buffer base.
RESULTS
Serial estimations of acid-base balance were obtained on 25 patients before and during anesthesia produced by nitrous oxide, cyclopropane, ethylene, thiopental and regional block anesthesia, alone and in various combinations, and for from one to four hours following the termination of anesthesia (Table II) Hg, the plasma CO2 content remained constant within 1 mM per L. This is expressed as a sharp initial reduction of the buffer base and further progressive reduction totalling 6.6 mEq. per L. Within one-half hour following the termination of anesthesia, the Pco2 had returned to 50 mm. Hg and the metabolic acidosis had begun to resolve.
The greatest changes of Po02 and buffer base encountered in these 25 consecutively-studied procedures, during which anesthesia was produced by agents other than diethyl ether, are presented in Table IV . Data obtained during ether anesthesia are not included since it has been shown (12, 13) * In the last three columns summarizing oxygen saturation the words "before," "during," and "end" have the same time significance as described in the footnote to Table IV. that ether induces a metabolic acidosis of variable elevation. The greatest depressions of buffer base degree, depending on the subject, which is inde-coincided with the greatest elevations of PRos.
pendent of changes in Poo. The cases are ar-This relationship is indicated in Figure 1 .
ranged in order of ascending magnitude of Pco2
The regression equation describing the best- Three features are typical of this response: 1) a decrease in buffer base in the first blood sample drawn after depression of the pH; 2) a tendency for full development of the metabolic acidosis to lag behind the elevation of Pco; 3) a slow return of the buffer base toward normal following improvement of the ventilation and reestablishment of a more normal Pco2. In the instance illustrated, the ventilation was not improved until anesthesia was terminated, and the resolution of the metabolic acidosis occurred in the early post-operative period. However, the disappearance of the metabolic acidosis is not dependent on termination of anesthesia; if a respiratory acidosis occurs during anesthesia and is corrected during anesthesia, the depressed buffer base may be seen to rise during anesthesia.
The data of the case illustrated by Figure 2 are replotted in Figure 3 , using plasma bicarbonate content and pH as coordinates, to emphasize the failure of HCO3P to increase following increase in Pco2 in accordance with the normal buffer line of blood (refer to "The ABC of Acid-Base Chemistry" by Davenport [14] for a detailed treatment of this graph form). The observed curve follows an almost horizontal course during development of acidosis, indicating the rapidity of development of the metabolic acidosis. On the other hand, as a consequence of the slower restitution of the metabolic acidosis, the curve parallels the expected course when the PC02 is returned toward normal rapidly. cations over the non-buffer anions of whole blood is reduced. A reduction of this difference can be brought about by a reduction in the total base of blood, or by an increase in the relative concentrations of any of the acids of the blood, including chloride, lactate, ketone bodies, and other highly ionized organic acids. Metabolic acidosis tends to accompany a variety of disturbances of normal physiology and is produced by a diversity of mechanisms, some of which have been extensively defined (as in the accumulation of ketone bodies during uncompensated diabetes, or the loss of sodium during severe diarrhea) and others which remain obscure.
During anesthesia a number of the known causes for production of metabolic acidosis may occur, but are normally not expected to be an obligatory accompaniment of anesthesia and operation. These causes include hemorrhagic shock, anoxemia, hepatic insufficiency, starvation, and diabetes. Ether is the only anesthetic drug among those employed during this investigation which is known to induce a metabolic acidosis directly by the accumulation of lactic acid (15, 16) .
The reason why certain investigators (1, 3, 4) have observed consistently an elevation of CO2 combining power during the first hours of respiratory acidosis, while others (2, 5) have observed a reduction, is not immediately apparent. Anesthesia may be a factor in modifying the cellular response to respiratory acidosis by influencing cell membrane permeability or cellular enzyme reactivity. There is no evidence for the occurrence of such effects during clinical anesthesia, although they have been demonstrated in vitro and in. unicellular preparations (17) . There is, however, no consistent relationship between the use of anesthesia and the type of response observed. Metabolic alkalosis has occurred during breathing of CO2 mixtures in unanesthetized man (4) and dog (1, 5) and in dogs anesthetized with pento-. barbital (3) . The same response hgs beeR;.(4 tained in the dog during respiratory acidosis resuiting from morphine-induced respiratory depression (1). On the other hand, a metab6lic acidosis has occurred during breathing of GO2 mixtures in unanesthetized man and dog (5) and in the cat and dog anesthetized with barbital (2). It has also resulted from respiratory depression in anesthetized man, as reported herein, and in anesthetized dogs (Holaday, unpublished data) .
Correlations based on degree and duration of respiratory acidosis are similarly unrewarding.
Other factors, not yet evaluated, which might determine the type of response include pre-existing differences in hormonal or fluid and electrolyte balances, differences in regional blood flows, and degrees of muscular activity during (or in response to) respiratory acidosis. That activity of skeletal muscle during respiratory acidosis may be a significant factor is indicated by the following two studies in which a reduction of CO2 capacity occurred in paralyzed subjects. Altschule and Sulzbach (18) present values of blood pH and CO2 content, obtained during CO2 administration to curarized patients, which are consistent with a rapidly developing metabolic acidosis. The descriptions of the changes of blood pH and alveolar gas CO2 concentration in paralyzed animals during and after diffusion respiration also fit this concept (19) . This factor might explain the commonly observed occurrence of severe metabolic acidosis during surgical operations in which interference with normal respiration was encountered (20) (21) (22) (23) and the failure to observe it where respiration was known to have been adequate (12) .
Failure to obtain a degree of correlation be- tween maximum elevation of P0o2 and depression of buffer base greater than that observed in Figure 4 cannot be construed as evidence against a causal relationship since the degree and duration of the respiratory acidosis were uncontrolled and the periodicity of blood sampling was not correlated with the occurrence of peak Pco2 changes to establish these quantitatively in every case. Thus the opportunity for obtaining a rigorous "dose-response" relationship was not available during this study. Further studies, including controlled schedules of Pco2 elevation and measurement of the distribution of the significant contributing electrolytes in the several fluid compartments of the body, will be required to define this response more thoroughly and to obtain information concerning its mechanism of production.
The subjects of this study exhibited mild degrees of respiratory and metabolic acidosis before induction of anesthesia. Although it was not within the scope of the study to determine the causes for this, it is possible that restriction of To THOSE PRESENTED IN TABLE III AND FIGURE 2, PERFORMED CONSECUTEY ON 57 PATIENTS The "control" period is defined as the period immediately preceding induction of anesthesia, but usually following administration of naroctic and belladonna drugs. The "induction" period extended from the initial administration of anesthetic agent until completion of endotracheal intubation and achievement of a relatively stable level of anesthesia; the duration of this period was variable and lasted in some instances for 45 minutes. The "maintenance" period included the remainder of the operative time. The period designated "end" represents a point in time within 15 minutes before or after termination of anesthesia at which a blood sample was obtained. The values given for the "recovery" period represent averages of the last analysis obtained on those subjects who were studied for 30 minutes or more after termination of anesthesia. The average time into the recovery period during which studies were continued was 2 hours; the longest time was 6 hours. The values listed for the "induction" period and "maintenance" period were interpolated, when necessary, to the lowest pH recorded during the respective periods. The subjects are divided into 4 groups, depending upon whether or not they received ether alone or in combination with other drugs, and whether or not a thoracotomy was performed. The number of subjects included in each group is indicated in the key. fluids and activity, preanesthetic sedation, consistent errors of determination, and disease were contributory factors. SUMMARY AND CONCLUSIONS bolic acidosis which tended to be proportional to the extent of CO2 retention. These changes subsided rapidly following termination of anesthesia.
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